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I N D I V I D U A L  WELL REPORT 
FROM THE PROGRAM ON 

CHARACTERIZATION AND ANALYSIS OF 
DEVONIAN SHALES AS RELATED TO 

RELEASE OF GASEOUS HYDROCAEBONS 

WELL K-4 JOHNSON COUNTY, KENTUCKY 

R .  S .  Kalyoncu and M. J. Snyder 

INTRODUCTION AND SUMMARY 

Var ious  c h a r a c t e r i z a t i o n  t a s k s  were performed on 54 cored  s h a l e  

samples  from Johnson County, Kentucky. Core samples  were o b t a i n e d  from d e p t h s  

of 967 t o  1510 f e e t .  A t o t a l  o f  1 2 6  samples  were canned f o r  several  DOE 

c o n t r a c t o r s ,  i n c l u d i n g  Bat te l le  Columbus. "Free" gas  a n a l y s e s  i n d i c a t e  

t h e  p r e s e n c e  of  s i g n i f i c a n t  q u a n t i t i e s  o f  h i g h e r  c h a i n  hydrocarbon g a s e s  i n  

t h e  K-4 s h a l e s .  Hydrocarbon g a s  release rates and k i n e t i c  s t u d i e s  i n d i c a t e  

t h a t  d i f f u s i o n  c o e f f i c i e n t s  are i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  

of  t h e  m o l e c u l a r  w e i g h t  of d i f f u s i n g  s p e c i e s .  

Although wide s ca t t e r  i s  observed  i n  t h e  chemical  and p h y s i c a l  

c h a r a c t e r i z a t i o n  d a t a ,  good c o r r e l a t i o n s  e x i s t  between t h e  hydrocarbon gas  

c o n t e n t s  and v a r i o u s  l a b o r a t o r y  c h a r a c t e r i z a t i o n  v a l u e s  ( p h y s i c a l  and 

c h e m i c a l ) .  A number of  one-to-one r e l a t i o n s h i p s  are p o i n t e d  o u t  and d i s c u s s e d  

throughout  t h e  t e x t .  

L i t h o l o g i c a l l y ,  i n o r g a n i c  p o r t i o n s  of K-4 s h a l e s  are composed 

predominant ly  of q u a r t z  and i l l i t e  w i t h  s m a l l  q u a n t i t i e s  of  p y r i t e  and v a r i o u s  

c a r b o n a t e  m i n e r a l s .  
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OBJECTIVE AND SCOPE 

The o b j e c t i v e  of t h i s  program i s  t o  de te rmine  t h e  r e l a t i o n s h i p s  

between s h a l e  c h a r a c t e r i s t i c ,  hydrocarbon gas  c o n t e n t ,  and w e l l  l o c a t i o n .  

t o  p r o v i d e  a sound b a s i s  f o r  d e f i n i n g  t h e  p r o d u c t i v e  c a p a c i t y  of  t h e  

E a s t e r n  Devonian S h a l e  d e p o s i t s  and f o r  g u i d i n g  r e s e a r c h ,  development ,  

and d e m o n s t r a t i o n  p r o j e c t s  t o  enhance t h e  r e c o v e r y  of n a t u r a l  g a s  from t h e  

s h a l e  d e p o s i t s .  The program i n c l u d e s  a number o f  e l e m e n t a l  t a s k s  as a 

p a r t  of t h e  Resource I n v e n t o r y  and S h a l e  C h a r a c t e r i z a t i o n  s u b p r o j e c t s  

of DOE'S  E a s t e r n  Gas S h a l e s  P r o j e c t  and i s  des igned  t o  p r o v i d e  a wide 

v a r i e t y  of  s u p p o r t  d a t a  f o r  t h a t  p r o j e c t .  

A l a r g e  number of c o r e  samples  of  gas  b e a r i n g  Eastern Devonian 

S h a l e  w i l l  have been  examined by t h e  end of t h e  program. A f t e r  t h e  

c h a r a c t e r i z a t i o n  d a t a  f o r  i n d i v i d u a l  w e l l s  have been compiled,  a t t e m p t s  

w i l l  b e  made t o  e s t a b l i s h  t h e  i n t e r r e l a t i o n s h i p s  between t h e  s h a l e  c h a r a c t e r i s t i c s ,  

t h e  hydrocarbon gas  c o n t e n t ,  and w e l l  l o c a t i o n s  from which t h e  samples  were 

o b t a i n e d ,  employing t h e  Automatic I n t e r a c t i o n  D e t e c t i o n  (AID) A n a l y s i s .  

The f o l l o w i n g  t a s k s  comprise  t h e  t o t a l  e f f o r t s  i n  t h i s  r e s e a r c h  

program: 

Task D e s c r i p t i v e  T i t l e  

1 Core Sampling 

2 Gas Content  and Gas Release K i n e t i c s  

3 Chemical C h a r a c t e r i z a t i o n  of S h a l e  

4 P h y s i c a l  C h a r a c t e r i z a t i o n  of S h a l e  

5 L i t h o l o g y  of  S h a l e  

ANALYSIS AND DISCUSSION OF THE CHARACTERIZATION DATA 

D e t a i l e d  d e s c r i p t i o n s  of t h e  e x p e r i m e n t a l  p r o c e d u r e s  employed i n  

t h e  e x e c u t i o n  of t h e  e l e m e n t a l  t a s k s  were r e p o r t e d  i n  t h e  Appendix of t h e  

F i f t h  Q u a r t e r l y  T e c h n i c a l  P r o g r e s s  Report  (ORO-5205-5) s u b m i t t e d  t o  U . S . / D O E  

i n  January  of 1978 .  

B A T T E L L E  - C O L U M B U S  
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Task 1. Well Coring 

S h a l e  c o r e  samples  from t h e  K-4 w e l l  (Johnson County,  Kentucky) 

were o b t a i n e d  i n  December 1978.  F i f t y - f o u r  samples  were c o l l e c t e d  f o r  Bat te l le  

and 72 samples  f o r  o t h e r  DOE c o n t r a c t o r s .  I t  took a t o t a l  of  t e n  b a r r e l s  

t o  o b t a i n  a l l  t h e  samples .  Coring w a s  made a t  d e p t h s  between 967 and 1510 f e e t .  

Task 2 .  "Free" Gas A n a l y s i s  and Release K i n e t i c s  

Q u a l i t a t i v e  and q u a n t i t a t i v e  r e s u l t s  on t h e  hydrocarbon g a s e s  i n  

t h e  f r e e  s p a c e  s u r r o u n d i n g  t h e  s h a l e  sample i n  t h e  sealed c a n i s t e r s  are 

p r e s e n t e d  i n  Table  3. The K-4 w e l l  e x h i b i t s  s i g n i f i c a n t  q u a n t i t i e s  of  

h i g h e r  c h a i n  hydrocarbon g a s e s  ( C 2  th rough C5) though methane i s  s t i l l  t h e  

major  hydrocarbon g a s .  T o t a l  hydrocarbon g a s  c o n t e n t  of  t h e  s h a l e s  i s  a l s o  

s i g n i f i c a n t .  Var ious  s t a t i s t i c a l  p a r a m e t e r s  of t h e  hydrocarbon gas  c o n t e n t s  

a r e  g i v e n  i n  Table  4 .  T o t a l  hydrocarbons make up a b o u t  38 p e r c e n t  of t h e  

g a s  m i x t u r e  in t h e  s e a l e d  c a n i s t e r s ,  which t r a n s l a t e s  t o  a n  a v e r a g e  

hydrocarbon gas  c o n t e n t  of  0 .55 c u b i c  f o o t  of  gas  p e r  c u b i c  f o o t  of s h a l e .  

Genera l  hydrocarbon gas  d i f f u s i o n  c o e f f i c i e n t s  a t  2 8  and 80 C 

were de termined  f o r  sample K-4-1069. T o t a l  hydrocarbon gas  c o n t e n t s  a g r e e  

w e l l  w i t h  t h e  l a s t  p o i n t s  shown i n  F i g u r e  3. The d i f f u s i o n  c o e f f i c i e n t  

measured a t  t e m p e r a t u r e s  of 28 and 80 C are 5 . 0  x and 1.1 x 

r e s p e c t i v e l y .  C o n c e n t r a t i o n  v a l u e s  e x t r a p o l a t e d  t o  z e r o  t i m e s  i n  F i g u r e  3 

are 0 . 7  v / v  and 2 .9  v / v ,  r e s p e c t i v e l y .  A n a l y s i s  of t h e  i n d i v i d u a l  components 

of t h e  hydrocarbon gas  m i x t u r e s  d u r i n g  d i f f u s i o n  s t u d i e s  showed t h a t  t h e  

r e s i d u a l  g a s  i n  t h e  80 C specimen w a s  p r i m a r i l y  propane ,  w i t h  s m a l l  amounts 

of b u t a n e  and p e n t a n e .  The 28 C specimen showed some methane,  b u t  w a s  

a g a i n  p r i m a r i l y  propane .  

cm2/sec,  

Some of t h e  shor tcomings  of  t h e  t o t a l  hydrocarbon measurement as 

a n  i n d i c a t o r  of gas  d i f f u s i o n  ra tes  were e l i m i n a t e d  by modifying t h e  e x p e r i m e n t a l  

sys tem t o  a l l o w  t h e  d e t e r m i n a t i o n  o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  of i n d i v i d u a l  

hydrocarbon gas  s p e c i e s .  The sys tem p e r m i t t e d  t h e  a n a l y s i s  of  t h e  e f f l u e n t  

gas  as a f u n c t i o n  t i m e .  Thus, t h e  i n d i v i d u a l  d i f f u s i o n  c o e f f i c i e n t s  f o r  

each of t h e  gas  species e f f u s i n g  from t h e  s h a l e  samples  could  b e  de te rmined .  

E A T T E L L E  - C O L U M B U S  
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In a d d i t i o n ,  a t t e m p t s  were made t o  s h o r t e n  t h e  t i m e  r e q u i r e m e n t s  f o r  t h e  

d i f f u s i o n  exper iments  by u s i n g  smaller e x p e r i m e n t a l  s h a l e  samples .  T h i s  

m o d i f i c a t i o n  worked w e l l  w i t h  s h a l e s  having  h i g h  g a s  c o n t e n t s  and low d i f f u s i o n  

c o e f f i c i e n t s .  On t h e  o t h e r  hand ,  f u l l  s i z e  c o r e  samples  s t i l l  need t o  b e  

used f o r  s h a l e  samples  having  e i t h e r  h i g h  d i f f u s i o n  c o e f f i c i e n t s  o r  low 

gas c o n t e n t s .  

F i g u r e  4 i l l u s t r a t e s  t h e  t y p e  o f  r e s u l t s  c u r r e n t l y  o b t a i n e d  

w i t h  t h e  m o d i f i e d  method. In t h e  f i g u r e  t h e  numbers r e f e r  t o  t h e  number 

o f  carbon atoms i n  t h e  s p e c i e s  d e t e c t e d  ( e . g . ,  1 s t a n d s  f o r  methane) .  

For purposes  of  c l a r i t y  i n  p r e s e n t i n g  t h e  d a t a  some d a t a  p o i n t s  have been  

o m i t t e d  i n  F i g u r e  4. Table  5 summarizes t h e  d i f f u s i o n  c o e f f i c i e n t s  and t o t a l  

gas  c o n t e n t s  d e r i v e d  from t h e s e  d a t a .  

Although t h e r e  i s  some s c a t t e r  i n  t h e s e  d a t a ,  t h e  d i f f u s i o n  

c o e f f i c i e n t s  appear  t o  b e ,  f o r  t h e  most p a r t ,  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

s q u a r e  r o o t  of  m o l e c u l a r  w e i g h t  f o r  t h e  v a r i o u s  s p e c i e s .  This  s u g g e s t s  

a Knudsen o r  m o l e c u l a r  d i f f u s i o n  p r o c e s s  f o r  f low of  t h e  hydrocarbons  

through t h e  s h a l e  m a t r i x .  With sample K-4-1280, t h e  a p p a r e n t  a c t i v a t i o n  

energy  f o r  t h e  p r o c e s s  i s  3 . 1  k 0.4 k c a l / m o l e .  

I t  s h o u l d  be n o t e d  t h a t  t h e  a p p a r e n t  g a s  c o n t e n t s  f o r  t h e  K-4-1280 

samples  are  d i f f e r e n t  a t  t h e  two t e m p e r a t u r e s .  Not o n l y  are t h e  i n d i v i d u a l  

component c o n c e n t r a t i o n s  lower f o r  t h e  25 C sample,  b u t  t h e  r e l a t i v e  r a t i o s  

of t h e  v a r i o u s  hydrocarbons are d i f f e r e n t .  This  s u g g e s t s  t h a t  t h e  two samples  

s h o u l d  n o t  b e  c o n s i d e r e d  as r e p r e s e n t a t i v e  of  t h e  same mater ia l ,  and t h e  

a p p a r e n t  t e m p e r a t u r e  dependence of t h e  d i f f u s i o n  c o e f f i c i e n t s  i s  t h e r e f o r e  

s u s p e c t .  

I t  s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  K-4 s h a l e s  e x h i b i t  r e l a t i v e l y  

h i g h  c o n t e n t s  of t h e  h i g h e r  c h a i n  hydrocarbons  ( e . g . ,  C 2 ,  C 3 ,  C4) i n  

comparison t o  o t h e r  s h a l e s  examined t h u s  f a r .  I n d e e d ,  t h e  t o t a l  e t h a n e ,  

propane ,  and b u t a n e  c o n t e n t s  exceed t h e  methane c o n t e n t  i n  many K-4 samples .  

Thus, t h e  commercial s i g n i f i c a n c e  of  t h i s  w e l l  i s  p o t e n t i a l l y  g r e a t e r  than  

t h a t  of  o t h e r  wells showing comparable methane c o n t e n t s .  

E A T T E L L E  - C O L U M E U S  
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F igure  4 .  Hydrocarbon E f f u s i o n  f rom 
Shal  e K-4-1280 
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TABLE 5. DIFFUSION COEFFICIENTS AND GAS CONTENTS 

S h a l e  Sample ; vHC/v 
T C  Hydrocarbon D ,  cm2/ sec P .E. (a )  S h a l e ( b )  P.E.(a)  

K-4-1280; 
80 C 

K-4-1280; 
25 C 

K-4-1069; 
80 C 

K- 4 - 10 6 9 
25 C 

M e  t h a n e  
Ethane 
Propane 
Butanes 

Xe t h a n e  
Ethane 
Propane 
Butanes 

To t a1 
Hydrocarbons 

T o t a l  
Hydrocarbons 

2.0 x 10-6 
1.2 x 10-6 
1.0 x 10-6 
9.9 10-7 

7.9 x 10-7 
5.2 10-7 
5.6 10-7 
(1.4 x 10-6) 

1.i x 10-6 

6.0 10-7 

9 
24 
12 
19 

0.39 
0.23 
0.31 
0.25 

0.28 
0.12 
0.11 
0.04 

12 
7 
6 
8 

11 
15 
9 
38 

( a )  P e r c e n t a g e  p r o b a b l e  e r r o r  based  on l e a s t  s q u a r e s  f i t  of d a t a  
( b )  Volume of  gaseous hydrocarbon p e r  volume of s h a l e  

B A T T E L L E  - C O L U M B U S  
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Task 3 .  Chemical C h a r a c t e r i z a t i o n  Data 

T o t a l  carbon,  hydrogen,  n i t r o g e n  (C-H-N), and s u l f u r  v a l u e s  are 

d e p i c t e d  i n  Table  6 .  Carbon v a l u e s  v a r y  between 0 . 3  and 11.1 p e r c e n t  w i t h  

an  a v e r a g e  v a l u e  of  3.6  p e r c e n t ,  whereas  hydrogen c o n t e n t s  r a n g e  from 

0 . 1  t o  1 . 4  p e r c e n t  a v e r a g i n g  a v a l u e  of  0 . 5 6  p e r c e n t  f o r  5 4  samples .  A 

l a r g e  scatter i s  a l s o  observed  i n  t h e  s u l f u r  c o n t e n t s ,  which v a r y  between 

0 . 1  and 4 .3  p e r c e n t  showing a n  a v e r a g e  v a l u e  of  2 . 0  p e r c e n t  f o r  t h e  w e l l .  

S e v e r a l  bands can b e  observed  i n  t h e  carbon v e r s u s  d e p t h  r e l a t i o n s h i p  

as i l l u s t r a t e d  i n  F i g u r e  5 .  I n c r e a s i n g  carbon c o n t e n t s  are  observed  from 

950 t o  1075 f e e t  d e p t h ,  f o l l o w e d  by a d e c r e a s e  from 1 0 7 5  t o  1300 f e e t .  

Then, a g a i n  a n  i n c r e a s e  i n  carbon c o n t e n t s  from 1300 t o  1 4 2 5  f e e t  i s  observed .  

S i m i l a r  bands a r e  a l s o  n o t i c e a b l e  i n  F i g u r e  6 showing hydrogen v e r s u s  d e p t h .  

F i g u r e  7 i s  H / C  a tomic  r a t i o  v e r s u s  d e p t h .  S u l f u r  c o n t e n t s  v e r s u s  d e p t h  a re  

p l o t t e d  i n  F i g u r e  8. A d e c r e a s e  i n  s u l f u r  c o n t e n t s  i s  a p p a r e n t  between 950 

and 1150 f e e t ,  and a d e c r e a s e  is  observed  between 1050 and 1 3 5 0  f e e t .  And 

f i n a l l y ,  a d e c r e a s e  between 1350 and 1475 f e e t  i s  s e e n  from F i g u r e  8. 

Although t h e r e  i s  a wide s ca t t e r  in t h e  d a t a ,  a g e n e r a l  i n c r e a s e  i n  t h e  

hydrocarbon c o n t e n t s  i s  observed  w i t h  i n c r e a s i n g  carbon ( F i g u r e  9), 

hydrogen ( F i g u r e  lo), and s u l f u r  c o n t e n t s  ( F i g u r e  11). 

Task 4 .  P h y s i c a l  C h a r a c t e r i z a t i o n  

T a b l e  7 summarizes t h e  d e n s i t y ,  p o r o s i t y ,  and s u r f a c e  area 

r e s u l t s  f o r  t h e  K-4 w e l l .  P o r o s i t y  v a l u e s  i n  t h i s  t a b l e  have been c a l c u l a t e d  

from t h e  d e n s i t y  d a t a .  Mean v a l u e s  f o r  b u l k  and t r u e  d e n s i t i e s  are 2 . 5 7  

and 2 . 6 6 ,  r e s p e c t i v e l y .  These d e n s i t y  v a l u e s  r e s u l t  i n  a mean v a l u e  of  

4 . 1  p e r c e n t  f o r  t h e  p o r o s i t y .  

w i t h  1.95  and 2 . 4 5  having  lower and upper  l i m i t s  r e s p e c t i v e l y .  S t a t i s t i c a l  

p a r a m e t e r s  on p h y s i c a l  c h a r a c t e r i z a t i o n  d a t a  are g iven  i n  T a b l e  8. 

2 Mean v a l u e  of t h e  s u r f a c e  area i s  2 . 2  cm f g  

A s  u s u a l ,  t h e  p h y s i c a l  c h a r a c t e r i z a t i o n  d a t a  c o v e r s  a wide range  

o f  v a l u e s .  But ,  even w i t h  t h i s  l a r g e  sca t te r  a good c o r r e l a t i o n  between t h e  

b u l k  d e n s i t y  and hydrocarbon gas  c o n t e n t s  i s  s e e n  i n  F i g u r e  1 2 .  I n c r e a s i n g  

hydrocarbon g a s  c o n t e n t s  i s  observed  w i t h  d e c r e a s i n g  b u l k  d e n s i t i e s .  Bulk 

B A T T E L L E  - C O L U M B U S  
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d e n s i t y  v e r s u s  carbon d a t a  a l s o  show a s i m i l a r  r e l a t i o n s h i p  ( F i g u r e  13) .  

Such a r e l a t i o n s h i p  between t h e  b u l k  d e n s i t y  and hydrogen c o n t e n t s  i s  less 

a p p a r e n t  ( F i g u r e  14). F i g u r e s  1 6  and 1 7  d e p i c t  s u l f u r  and p o r o s i t y  v a l u e s  

as a f u n c t i o n  of  b u l k  d e n s i t y .  

P o r o s i t y  v a l u e s  de te rmined  from t h e  mercury i n t r u s i o n  exper iments  

a re  t a b u l a t e d  i n  T a b l e  9. D e t a i l e d  d a t a  on p o r e  s i z e  and p o r o s i t y  d i s t r i b u t i o n  

are g iven  i n  Appendix A .  

P e r m e a b i l i t y  measurements w e r e  a l s o  made on several K-4 s h a l e s .  

The r e s u l t s  are  g iven  i n  T a b l e  10.  Average p e r m e a b i l i t y  i s  a b o u t  

5 x d a r c y .  

Task 5 .  L i t h o l o g y  of K-4 S h a l e s  

Several K-4 s h a l e s  were examined under  t h e  p e t r o g r a p h i c  microscope 

and by SEM/EDAX. 

and s m a l l  amounts o f  p y r i t e .  

K-4 s h a l e s  are composed predominant ly  of q u a r t z ,  i l l i t e ,  

Except  f o r  t h e  t o p  and bot tom samples ,  t h e  s h a l e  samples  were 

s i m i l a r .  These i n t e r m e d i a t e  samples  were composed main ly  of t h e  c l a y  m i n e r a l s ,  

p redominant ly  i l l i t e ,  as w e l l  a s  q u a r t z ,  and s m a l l  amounts of p y r i t e .  A s  

shown i n  t h e  energy  d i s p e r s i v e  a n a l y s i s  i n  T a b l e  11, t h e  K c o n t e n t  of  t h e  

i n t e r m e d i a t e  samples ,  which is taken  t o  b e  i n d i c a t i v e  of  t h e  i l l i t e  c o n t e n t ,  

i s  s imi la r .  The S i  c o n t e n t  of  t h e s e  samples  i s  a l s o  s imi l a r .  There i s  a 

g r a d u a l  i n c r e a s e  i n  Fe c o n t e n t  w i t h  d e p t h ,  b u t  t h e  S c o n t e n t s  v a r y  l i t t l e .  

Sample No. K-4-969, a t  t h e  t o p ,  w a s  p redominant ly  q u a r t z .  F u r t h e r ,  

t h e  q u a r t z  i n  t h i s  sample w a s  c o a r s e r  t h a n  i n  t h e  samples  below i t ,  t h e  g r a i n s  

r a n g i n g  up t o  about  90 um,  compared t o  a maximum s i z e  range  of  20 t o  35 lim 

i n  a l l  of t h e  o t h e r  samples .  Though no C a  w a s  i n d i c a t e d  by EDAX i n  t h e  t o p  

sample,  a c a r b o n a t e  m i n e r a l  t a k e n  t o  b e  c a l c i t e  w a s  observed  i n  t h e  powder 

sample examined by p e t r o g r a p h i c  microscope .  

t o p  sample e i t h e r  by t h e  powder examinat ion  o r  EDAX. 

P y r i t e  was n o t  n o t e d  i n  t h i s  

The sample N o .  K-4-1495, a t  t h e  bot tom,  d i f f e r e d  from t h e  i n t e r -  

media te  samples  l a r g e l y  i n  t h a t  i t  c o n t a i n e d  an abundance of c a r b o n a t e  m i n e r a l .  

The r e l a t i v e l y  h igh  Ca count  of  7 . 1  i n d i c a t e s  a c a r b o n a t e  m i n e r a l .  

Both powder examinat ion  and EDAX r e s u l t s  i n d i c a t e  an absence  of p y r i t e  in 

t h i s  sample.  

E A T T E L L E  - C O L U M B U S  
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TABLE 9 .  MERCURY INTRUSION POROSINETRY DATA 

SEQUENCE I D  POROSITY 
NUMBER NUMBER PERCENT 

1 
3 
5 
7 
9 
11 
1 3  
1 5  
17 
19  
2 1  
2 3  
25 
27 
29 
3 3  
35 
37 
3 9  
4 1  
4 3  
4 5  
47 
4 9  
5 1  
5 3  

K-4- 969  
K-4- 9 8 9  
K-4-1009 
K-4 -103 9 
K-4-105 9 
K-4-107 9 
K-4-1096 
K-4 - 11 2 6 
K-4-1143 
K-4-1163 
K-4-118 3 
K-  4-12 01 
K-4-1221 
K-4-12 4 1 
K-4-1260 
K-4-1300 
K-4- 13 1 9  
K-4-1339 
K-4 -1 35 9 
K-4-1379 
K-4-1399 
K-4-1419 
K-4-1436 
K-4-145 6 
K-4-1476 
K-4-14 9 5 

7 . 0 2  
1 0 . 9 2  

5 . 4 6  
2 . 6 0  
4 . 9 6  
5 . 2 0  
5 . 4 6  
5 .46  
4 . 4 2  
5 . 2 0  
5 . 2 0  
0 . 2 3  
5 . 4 6  
0 . 2 3  
5 . 7 2  
5 . 4 6  
8 . 8 4  
7 . 8 0  
0 . 2 3  
2.86 
5 . 9 8  
2.86 
7 . 5 4  
8 . 5 8  
8 . 0 6  
9 . 3 6  
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TABLE 10. HELIUM PERMEABILITY OF K-4 SHALES 

Sample I.D. 
Number 

Permeability, 
Darcy 

K-4- 969 

K-4-1126 

K-4-1300 

K-4-1399 

K-4-1505 

6 .67  x 

4 .99  x 
5 .81  x 
9 .16  x 

4 . 9 9  x 
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SEM views i n  F i g u r e s  18 th rough  23 show t y p i c a l  f r a c t u r e  s u r f a c e s  

of t h e  samples .  

B A T T E L L E  - C O L U M B U S  
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700 X 

FIGURE 18. SEM MICROPHOTOGRAPH OF SAMPLE K-4-969 
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700 X 

FIGLTRE: 1 9 .  SEM MICROPHOTOGRAPH OF SAMPLE K-4-1079 
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700 X 

FIGURE 20. SEM MICROPHOTOGRAPH OF SAMPLE K-4-1183 
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700 X 

FIGURE 2 1 .  SEM KCCROPHOTOGRAPH OF SAMPLE K-4-1290 
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700 X 

FIGURE 2 2 .  SLY MICROPHOTOGWH OF SAMPLE K-4-1379 
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700 x 

FIGURE 2 3 .  SEX XICROPHOTOGRAPH OF SAWLE K-4-1495 
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